A facile method was demonstrated to grow poly(m-phenylenediamine) (PmPD) microtube arrays and hierarchical dandelion-like microstructures, which was carried out by mixing ammonium persulfate (APS) aqueous and m-phenylenediamine solution in the presence of Fe(NO 3 ) 3 at room temperature. As-prepared PmPD microtubes were characterized by scanning electron microscopy (SEM), energy dispersive spectrometry (EDS), X-ray diffraction (XRD) and Fourier transform infrared spectroscopy techniques (FTIR). The influence of both temperature and concentration of Fe(NO 3 ) 3 on the morphology of PmPD was also investigated and they are found to play an important role in the formation of microtubes. Moreover, the growth process was tentatively proposed on the basis of different polymerization stages.
Introduction
During the past years, Polyaniline (PANI) is one of the most studied conducting polymers (CPs) due to its chemical stability and relatively high conductivity. In addition to PANI, polymers based on aniline derivatives, such as phenylenediamine, have also received increasing attention mainly due to their apparently different characteristics compared with those widely researched CPs. For example, poly(o-phenylenediamine) (PoPD) and poly(p-phenylenediamine) (PpPD) microparticles show a unique ability to process heavy metal ions such as lead ions during water purification, because the ligands of these polymers can interact strongly with the metal ions and bind them. The PoPD have been used as catalysts, sensors and for the creation of electrochromic, which extends the applications of the conducting polymers. In addition, PmPD and PpPD have also been investigated in copolymerization with PANI. Moreover, various morphologies of poly(phenylenediamine), such as microrods, leaf-like microparticles, and nanobelts, have been prepared. Nevertheless, among the poly(phenylenediamine), PmPD have been the least studied, because of its weak reducing.
In this letter, an economic, simple route to prepare pure microtubes of PmPD on a large scale is demonstrated, which gave rise to dandelion-like architectures of PmPD hexagonal microtubes as a novel hierarchical structure. In this synthesis, the product of Fe(NO 3 ) 3 and mPD acts as a template for PmPD based on APS and mPD (scheme 1). Moreover, both the size and the morphology of the microstructures can be heavily influenced by the amount of ferric nitrate as well as the temperature. The detailed shape evolution process of PmPD microstructures is also discussed in this communication.
Experimental

Materials
Ferric nitrate (Fe(NO 3 ) 3 ), m-phenylenediamine (mPD) and ammonium persulfate (APS) were purchased from KeLong(Chengdu, China), All reagents were of analytical grade and used without further purification.
Methods
Typical synthetic processes of PmPD microtubes were as follows: 3ml of Fe(NO 3 ) 3 (20mM) was added to 2ml of mPD (20mM) with stirring, the reaction was allowed to proceed without agitation for 8 min, and a light-red colloidal solution was abtained. Followed by adding 8ml of APS (20mM) to the above mixture and leaving the resulting solution at 20 °C for 12 h, a large quantity of brown precipitate occurred gradually. Finally, the product was washed with deionized water and acetone respectively until the filtrate became colorless and dried under vacuum at 40 °C for 24h (sample 1).
Sample Characterizations
The morphologies, chemical compositions and structure of the products were characterized using a combination of the following techniques: scanning electron microscope (SEM, JEOL JSM-6510LV) coupled with an energy-dispersive X-ray spectroscopy (EDS, Oxford instruments X-Max), X-ray diffraction (XRD, Rigaku Ultima IV, CuKα radiation) and Fourier transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet 6700 FT-IR Spectrometer). Figure 1a shows the morphology of the PmPD (sample 1). It is similar to the dandelion in shape, which consists of a large quantity of well-aligned hexagonal microtubes with a diameter about 0.5µm. It should also be noted that there aren't irregular particles, and the dandelion-shaped superstructures undoubtedly become a well marked morphology of the product.
Results and Discussions
The chemical composition of sample 1 was determined by EDS ( Figure 1b) . The peaks of C and N were observed, indicating the product are formed from PmPD. The peaks of O and S can be attributed to the fact that the polymerization of mPD by APS yields positively charged PmPD structures and thus SO42-as counter ions diffuse into the PmPD for charge compensation. Sample 1 was also characterized by XRD in Figure 1c , the polymer exhibit a broad diffraction peak between 23° and 27°. This is the typical characteristics for less ordered crystalline structure. The molecular structure of sample 1 was characterized by FTIR, as shown in Figure 1d . The adsorption peaks at 3431 and 3208 cm −1 correspond to the N-H stretching mode. The peaks at 1628 and 1513 cm −1 are assigned to C=N and C=C stretching vibrations in phenazine structure, respectively. The peaks at 1398 and 1274 cm −1 are associated with the C-N stretching in the benzenoid and quinoid imine units, respectively. The bands at 1124 and 1038 cm -1 are ascribed to the aromatic C-H in plane bending mode. All the above observations indicate the successful formation of dandelion-like PmPD. The concentration of Fe(NO 3 ) 3 is discovered to be vital to the formation and the assembly of the hexagonal microtubes, and its effect on the morphology of the product is exhibited in Figure 2 . Figure 2a shows the SEM image of PmPd prepared without Fe(NO 3 ) 3 , it is obvious that these particles are sphericals with a diameter about 900 nm. Interestingly, the hexagonal microtubes was synthesized under condition of 3ml Fe(NO 3 ) 3 (sample 1), as shown in Figure 2b . However, as the volume of Fe(NO 3 ) 3 increases to 7ml, it is surprising to find the microdisks with a section size about 1µm (Figure 2c ). Moreover, the temperature also makes a great difference to the morphology, as shown in Figure 3 . Figure 3a shows the SEM image of PmPd prepared at 0 °C. It is found as-formed structures are hexagonal microdisks with a diameter about 2.5µm. Figure 3b shows the SEM image of microtubes based dandelion-like PmPd prepared at 20 °C (sample 1). Figure 3b shows the SEM image of PmPD prepared at 70 °C. It is clear to see that cylindrical microrods appear in the product, but they stick together. Thus, it is manifested that 20 °C is the optimal temperature in the preparation processes of microtubes based dandelion-like PmPD. To gain insight into the growth of the hexagonal microtubes and their assembly into dandelion-like superstructures (sample 1), we collected the products at different polymerization stages for SEM investigation, as displayed in Figure 4 . Figure 5 shows a schematic diagram to farther illustrate the formation process of PmPD microstructures. At the early stage of polymerization (5h), the tadpole-like nucluei are formed (Figure 4a ), and they acted as crystal seeds to direct the vertical growth of PmPD microtubes. When the reaction is continued to 9h, the half-full microrods are yielded as the different vertical growth of PmPD (Figure 4b 2 ). And the primal dandelion-like structures would also grow as shown in Figure 5 , in accordance with the result of electronic microscopic observation in Figure 4b 1 . Subsequently, after a reaction period of 12 h, the half-full microrods evolve into hexagonal microtubes, accompanied with assembly into the ultima dandelion-like superstructures (Figure 4c ), which may be attributed superior vertical growth of PmPD on the walls of microrods as shown in the second route of Figure 5 . However, the detailed formation mechanism is not clear and further investigation was required. 
Conclusion
A facile approach has been described to fabricate PmPD dandelion-like hierarchical architectures of hexagonal microtubes for the first time. The morphology of the product could be influenced by time, temperature and concentration of Fe(NO 3 ) 3 . It provides us an economic route to obtain pure microtubes of PmPD. And the proposed route might be applied to synthesize other polymer superstructures based on 1D nanostructures. More importantly, microtubes based dandelion-like PmPd might find potential applications in catalysts, biosensors, the creation of electrochromic and the removal of toxic heavy metal ions in contaminated water.
